Descending bilateral control of external oblique (EO) and latissimus dorsi (LD) was investigated using transcranial magnetic stimulation. Contralateral (CL) motor evoked potential (MEP) thresholds were lower and latencies were shorter than for ipsilateral (IL) MEPs. Hotspots for EO were symmetrical; this was not the case for LD. The volumes of drive to the left and right muscles were not different. The laterality index was not different between the left and right muscles. The average index for the EO muscles was closer to zero than that for LD, suggesting a stronger IL drive to EO. The symmetry of drive to each muscle did not differ; however, the symmetry of drive varies within a subject for different muscles and between subjects for the same muscle. The findings may be useful in understanding a number of clinical conditions relating to the trunk and also for predicting the outcome of rehabilitative strategies.
In animals neuroanatomy can be readily explored using histological techniques; in humans this poses obvious difficulties and stimulation techniques provide us with an opportunity to explore these pathways. Transcranial magnetic stimulation (TMS) has been used extensively for the study of the human motor cortex and its projections to motoneurons (Day, Dressler, Maertens de, Marsden, Nakashima, Rothwell, & Thompson, 1989) . It has been used to map the corticomotor representational area of various muscles (Mackinnon, Quartarone, & Rothwell, 2004; Wassermann, McShane, Hallett, & Cohen, 1992) with the majority of work focusing on mapping muscles of the hand and arm (Classen, Knorr, Werhahn, Schlaug, Kunesch, Cohen, Seitz, & Benecke, 1998; Thickbroom, Sammut, & Mastaglia, 1998; Uy, Ridding, & Miles, 2002; Wassermann et al., 1992; Wilson, Thickbroom, & Mastaglia, 1993) due to the importance of normal hand function. However, some studies have also mapped the cortical representations of more proximal muscles, such as those of the trunk and girdle (Alexander, Miley, Stynes, & Harrison, 2007; Ferbert et al., 1992; Fujiwara, Sonoda, Okajima, & Chino, 2001; Mackinnon et al., 2004; O'Connell, Maskill, Cossar, & Nowicky, 2007) The importance of understanding the cortical drive to trunk and girdle muscles may be relevant for two reasons. Firstly, the ability to control and coordinate trunk muscles with their counterparts on the opposite side of the body is a requirement for the maintenance of normal upright posture. The relative contributions of drive to a given trunk muscle from both hemispheres might impact upon maintaining this upright posture. Secondly, a number of clinical conditions such as scoliosis, low back pain, nontraumatic shoulder instability, spinal cord injury and stroke might be associated with alterations in the symmetry of cortical drive. Moreover, the ipsilateral pathways become highly relevant following damage to the contralateral hemisphere due to stroke (Benecke, Meyer, & Freund, 1991) .
Two muscles that influence upright posture due to their extensive attachments to the anterior and posterior trunk are the external oblique abdominis (EO) and latissimus dorsi (LD) respectively. Although both muscles are attached to the trunk, the functions of these muscles differ with EO moving and stabilizing the trunk and LD moving and stabilizing the arm and consequently the symmetry of drive of these muscles may differ as the right and left EO work evenly together whereas, the right and left LD do not. Some aspects of the cortical control of both EO and LD have been examined previously (Fujiwara et al., 2001; Mackinnon et al., 2004) . Fujiwara (2001) described asymmetry by examining incidences of MEPs evoked bilaterally in EO from unilateral stimulation in a healthy group. Mackinnon et al., (2004) explored the input-output properties and scalp maps of LD and found asymmetry of ipsilateral drive. Although both studies explored some aspects of symmetry what remains to be investigated is not only the balance of drive from both hemispheres (i.e., the laterality) to a muscle on one side of the body but also the contribution that this balance makes to the overall drive to each muscle pair. Since EO and LD are similarly placed with extensive attachments to the trunk but are functionally distinct we hypothesize that the drive to EO will be more symmetrical, whereas the drive to LD will be less.
Materials and Methods

Subjects
With ethical approval and informed consent, eight healthy subjects (3 male and 5 female) aged between 25 and 37 years (mean 30 years) were recruited. All subjects were screened for the contraindications for the use of TMS using a twelve item safety questionnaire, modified from Keel (Keel, Smith, & Wassermann, 2001 ). People were excluded from the study if (a) the subject's answers in their safety questionnaire suggested that they had contraindications to magnetic stimulation, (b) they had an adverse effect from the TMS or (c) if no CL motor evoked potential (MEP) could be evoked in a muscle under investigation.
Electromyographic Recordings
Surface electromyographic (EMG) electrodes (self-adhesive ARBO blue, 2 cm, Henley Medical, UK) were used to record from EO and LD. To record from EO the electrodes were positioned 2cm apart and placed parallel to the alignment of the EO muscle fibers (Plassman & Gandevia, 1989) . To record from LD the electrodes were positioned 3 cm apart and placed approximately 5 cm distal to and along the posterior axillary fold (Mackinnon et al., 2004) . The EMG signals were band pass filtered (100Hz-2KHz) and amplified (× 10,000) before being sampled at 4KHz by a data acquisition interface (1401 plus and Signal Software; Cambridge Electronic Design, UK) connected to a PC.
Experimental Procedure
Initially, a pilot study examined the use of different positions and maneuvers that enabled each muscle to be activated appropriately. The optimal positions and maneuvers were then used in this study. To activate EO subjects were positioned in side-lying and with the hips flexed to 90°. The subjects were then instructed to contract the uppermost muscle, by side-flexing (bringing their pelvis and ribcage closer together). To activate LD subjects were positioned in supine on a couch with the head end of the couch elevated to approximately 30°. The shoulder was approximately placed in 100° scaption and 60° external rotation with the elbow in 90° flexion. Subjects isometrically adducted and internally rotated the shoulder against the manual resistance of one of the authors.
A grid of 13 × 13 points with each point 1.5 cm apart was drawn on a piece of cloth and the center of the grid placed on the vertex. This point was identified as the point at which a line running coronally from tragus to tragus bisected a line running sagitally from the nasion to inion (Wilson et al., 1993) . The cloth was securely fixed to the head using a head band. An adhesive marker was placed on the vertex that was palpable beneath the cloth to ensure the cloth grid remained in the correct alignment throughout the experiment.
The target muscle was activated as described above to a maximal voluntary contraction (MVC). Using visual feedback of EMG, the subject was then asked to use the same standardized maneuver to maintain a low level contraction during the experimental period (the overall mean level of background voluntary contraction was 7.2 ± 8.4% MVC for EO and 11.3 ± 6.9% MVC for LD).
TMS was delivered using a Magstim 200 2 stimulator (MagStim Company, UK) connected to a figure-of-eight stimulating coil with a loop outer diameter of 9cm. The coil was positioned and orientated 45° from the midsagittal plane so that the induced current in the brain flowed in an anteromedial direction (Ziemann, Ishii, Borgheresi, Yaseen, Battaglia, Hallett, Cincotta, & Wassermann, 1999) . The coil was held over the right and left motor cortices in turn while stimuli were delivered and EMG was recorded from the contracting target muscle on one side. The optimal sites for stimulation (the hot spot) and the thresholds to evoke (a) CL and (b) IL MEPs were determined over each cortex. The hot spot was defined as the grid position where the largest average MEP peak to peak amplitude was recorded in the target muscle. To determine this, the position of the stimulating coil was varied while stimuli were applied. Once the hot spot was identified, the threshold to evoke a MEP at this position was determined. Threshold was defined as the stimulus intensity at which visually identifiable MEPs were evoked by 5 out of 10 stimuli. The stimulus intensity was then set at 1.2 times threshold for the MEP and cortical mapping was performed for EO and LD. However, if the threshold was achieved at a stimulus intensity of 100% maximum stimulator output (MSO), 100% MSO was used to construct the maps. Maps were constructed by positioning the coil methodically over the grid and stimulating at this point and surrounding grid locations. The figure-of-eight stimulating coil is the preferred coil for this type of mapping approach due to its geometry. However, a limitation of this coil, in contrast to the larger double-cone coil, relates to its lower power output and, consequently, a higher stimulus intensity is often required to establish threshold. Ten stimuli were applied at each grid position and the responses averaged. The latencies of the MEPs were determined by visual inspection and defined as the time at which there was a clear deflection from the ongoing EMG (see Figure 1) . If no MEPs were evoked toward the lateral, anterior or posterior borders of the grid then no additional stimuli were given past that point; no stimuli were given once the coil was positioned upon the midline. The experimental procedure was repeated for the muscles on the other side of the body to construct maps for both CL and IL responses from EO and LD from stimulation of both the right and left cortices. Subjects rested for at least one minute between sets of stimuli to avoid fatigue.
Data Analysis
For a given muscle, amplitudes of MEPs obtained at each grid position were expressed as a percentage of the amplitude of the largest MEP obtained from stimulation of the CL cortex. For example, both CL and IL MEPs for the left EO muscle were normalized to the largest MEP produced from stimulation at the hot spot of the right cortex. These normalized values were used to construct the cortical maps. A volume representing the total drive to a given muscle was calculated by adding up each normalized value from both CL and IL maps. A laterality index (LI; see Schwerin, Dewald, Haztl, Jovanovich, Nickeas, & MacKinnon, 2008) was calculated for right and left EO and LD for each subject to determine the relative magnitude of CL and IL projections. The equation LI = (CL MEP-IL MEP)/(CL MEP + IL MEP) was used where CL MEP is the amplitude of the contralateral MEP at its hot spot and IL MEP is the amplitude of the ipsilateral MEP at its hot spot. A LI of 1 signifies that only a CL MEP was recorded in the muscles and a LI of -1 indicates that only an IL MEP was elicited.
Statistical Analysis
The thresholds, hot spot positions and latencies of CL and IL MEPs at the hotspots for each muscle were compared for differences using two tailed t tests. The volumes for the left and right muscles were compared for differences using a paired t test.
Statistical significance was taken when p < .05 and all data are presented as mean ± SD unless otherwise stated.
Results
Seven of the eight subjects were right handed and one left handed, as assessed by the Edinburgh Handedness Inventory (Oldfield, 1971) . The experimental procedure for LD was carried out on the first 6 subjects. One subject was excluded from taking part in the EO protocol as no CL MEPs could be recorded from this muscle even at 100% MSO. A second subject reported a headache at the end of the protocol and was therefore excluded from further experimentation.
Contralateral and ipsilateral MEPs were recorded in EO and LD (examples are shown in Figure 1 ). CL MEPs were evoked in all subjects (see Figures 2 and  3 ). For EO, IL MEPs were recorded from both sides in all 6 subjects (see Figure  2 ). For LD, IL MEPs were recorded from both sides in 3 subjects (S1, S2 and S3, Figure 3 ), from one side in 1 subject (S4, Figure 3 ) and in 2 subjects it was not possible to evoke any IL MEPs (S5 and S6, Figure 3 ).
Thresholds
The thresholds for evoking CL responses were significantly lower than the thresholds for evoking IL responses in both muscles. The threshold for evoking CL MEPs in EO was 49.0% MSO ± 7.3% MSO and for evoking IL MEPs was 82.2% MSO ± 17.0% MSO (p < .001). The threshold for evoking CL MEPs in LD was 47.8% MSO ± 12.5% MSO and for evoking IL MEPs was 93.4% MSO ± 13.1% MSO (p < .001).
MEP Latencies
The latency of the CL MEPs for EO was 14.5ms ± 1.1ms, the latency of the IL MEPs was longer at 21.2ms ± 4.0ms (p < .001). The difference between the mean CL and IL latency was 6.7ms (range 0.4-12.8ms). The latency of the CL MEPs for LD was 10.3ms ± 1.8ms, for the IL MEPs it was longer at 17.8ms ± 5.1ms (p < .001). The difference between the mean CL and IL latency was 7.5ms (range 2.5ms-12.6ms). Figure 2 . illustrates CL and IL MEP latencies for both muscles. 
Hot Spots
The hot spot (mediolateral cm, anteroposterior cm) for evoking MEPs in EO from the right cortex to the left muscle was 2.75 ± 0.61,-0.50 ± 0.77 and from the left cortex to the right muscle it was -2.25 ± 0.82, -0.95 ± 1.85. The hot spot for evoking MEPs in EO from the right cortex to the right muscle was 2.25 ± 0.82,-0.25 ± 1.13; from the left cortex to the left muscle it was -1.25 ± 2.21, -0.25 ± 1.47. The right two columns show CL and IL maps to a muscle on a given side. Note, using this method of MEP normalization it is possible to obtain IL MEP amplitudes larger than 100% but scale bars are only scaled to 100%. These illustrate intersubject variability not possible with group data. The right two columns show CL and IL maps to a muscle on a given side. Note, using this method of MEP normalization it is possible to obtain IL MEP amplitudes larger than 100% but scale bars are only scaled to 100%. These illustrate intersubject variability not possible with group data.
The hot spot for evoking MEPs in LD from the right cortex to the left muscle was 3.50 ± 1.22,-0.25 ± 1.47; from the left cortex to the right muscle it was -3.00 ± 0.95, 0.00 ± 2.32. The hot spot for evoking MEPs in LD from the right cortex to the right muscle was 1.50 ± 0.00,-2.25 ± 1.94; from the left cortex to the left muscle it was -1.50 ± 0.00, -2.00 ± 3.64.
For both EO and LD there were no differences between the sites of the CL hotspots in the left or right cortices or between the sites of the IL hotspots in the left or right cortices. In addition there were no differences between the sites of the EO CL and IL hotspots for a given cortex. However, for LD there was a difference in the mediolateral positions for the CL and IL hotspots (p < .05).
Cortical Maps
Cortical maps are illustrated in Figures 3 and 4 . The mean volume (sum of all normalized MEPs) for left EO was 749.4 ± 319.7 and for right EO was 1118.9 ± 687.1, these were not different (p = .32). The mean volume for left LD was 866.8 ± The right two columns show CL and IL maps to a muscle on a given side. This figure shows the more bilateral drive to EO, however it conceals intersubject differences in symmetry and drive to a given muscle. 387.2 and for right LD was 1236.4 ± 793.6; these were also not different (p = .39). Despite this apparent symmetry between the drive to the left and right muscles, there was some intersubject variability.
Laterality Index (LI)
The LI for the left and right EO muscles was not different (left = 0.38 ± 0.22; right = 0.18 ± 0.39; p = .35). Furthermore, since the LI for both muscles was greater than zero each muscle is driven predominantly from the CL hemisphere. Similarly, the LI for the left and right LD muscles was not different (left = 0.54 ± 0.61; right = 0.35 ± 0.56; p = .55), again suggesting a CL drive to each muscle. Interestingly, all subjects had MEPs evoked in EO from both CL and IL stimulation. However it was not possible to evoke IL MEPs in 5 of the 12 LD recordings. Tables 1 & 2 summarize these results.
Discussion
The aim of this preliminary study was to quantify the symmetry of descending control and examine the contributions of IL and CL descending drive to two muscles that attach to the vertebral column and therefore have relevance in the control of trunk position.
The results reveal that it is possible to evoke CL and IL MEPs in both EO and LD using TMS over the motor cortex. However, the incidence of IL MEPs evoked in LD was less; this may reflect its role in upper limb movement. Functionally, LD is involved in a number of upper limb tasks, such as raising oneself from a seat and pulling an object down from above; in this respect a predominantly contralateral drive would be expected. It is generally accepted that it is easier to evoke IL responses in muscles located more proximally and this is thought to reflect the bilateral nature of their function (see Bawa, Hamm, Dhillon, & Gross, 2004) ; a recent study, however, has suggested that the bilateral descending control of a muscle is more reflective of its function than of its location (Alexander et al., 2007) . With the additional role of LD in postural control, due to its significant attachments to the trunk (Dickstein, Shefi, Marcovitz, & Villa, 2004) , it is perhaps not surprising that some degree of ipsilateral drive would be evident. For both EO and LD the onset latencies for the IL MEPs were longer than those for CL MEPs. The average difference between the IL and the CL MEP latencies for EO was 6.7ms and for LD was 7.5ms; this similarity in latency difference is surprising given the greater conduction distance to EO. One can speculate that this could be achieved by varying the axonal diameter of the neurones, consequently determining their conduction velocity. Indeed the conduction velocity of human motor axons varies not only within muscles but between muscles (Dalpozzo, Gerard, De, V, Wang, & Maertens de, 2002) , and this could also apply to the upper motor neurones. Alternatively it could be achieved by the use of different pathways. Either way, this could provide the necessary synchronization of activity of EO and LD such as when extending the arm against resistance from an elevated position.
For a given muscle there was a large range of differences between the IL and the CL MEP latencies. This might reflect different pathways with different axonal diameters driving these muscles, e.g., one fast ipsilateral corticospinal pathway (Kuppuswamy, Catley, King, Strutton, Davey, & Ellaway, 2008; Fujiwara et al., 2001 ) and one slower corticofugal pathway (Mackinnon et al., 2004; Kuppuswamy et al., 2008) . Evidence for different pathways mediating IL and CL responses in the case of LD is further supported by the difference in the location of their hotspots.
The locations of the hotspots for evoking CL MEPs in EO and LD were symmetrical; this was also the case for the IL MEPs in EO and LD. However, a cautionary note to this is that the acceptance of symmetry was based on statistical analysis on group data derived from a small sample size. Within a given subject there were sometimes differences in the locations of the hotspots between hemispheres, a finding reported previously (Alexander et al., 2007) ; this is demonstrated here by the large standard deviations of the average data. When the location of the CL and IL hotspots were compared within a hemisphere, the IL hotspot was found to be more medially positioned for LD. Other studies have also reported that the IL and CL foci are located in different places (O'Connell et al., 2007; Wassermann, Pascual-Leone, & Hallett, 1994; Ziemann et al., 1999) . With regards to the muscle used in this study, (Mackinnon et al., 2004) found that the IL center of gravity (CoG) for LD within a hemisphere was in a similar place to the CL CoG. However, the difference between our findings and those of Mackinnon might be attributable to the method of analysis (hotspot vs CoG).
The calculation of the volume of drive to a given muscle allowed us to explore the total drive to that muscle, irrespective of cortex. This revealed a symmetrical drive to each muscle for all but three subjects. Interestingly the two subjects who showed asymmetry with respect to the drive to EO (see S4 and S5 Figure 2) were different to the subject who showed asymmetry with respect to the drive to LD (see S2 Figure 3 ). This intersubject variability in cortical drive has been shown in swallowing muscles (Hamdy, Aziz, Rothwell, Singh, Barlow, Hughes, Tallis, & Thompson, 1996) and in another abdominal muscle, internal oblique (Strutton, Beith, Theodorou, Catley, McGregor, & Davey, 2004) . Knowledge of this interhemispheric asymmetry and the underlying mechanisms (e.g., alterations in intra-or interhemispheric excitatory/inhibitory processes) is important in understanding functional sequelae of stroke (Hamdy et al., 1996; Hamdy & Rothwell, 1998; Muellbacher, Artner, & Mamoli, 1999) and might be useful in both informing the choice of appropriate rehabilitative strategies and predicting their outcome. For example, if magnetic stimulation could be used to reveal the presence of an ipsilateral pathway from an unaffected hemisphere to a given muscle then, not only could recovery of function in this muscle be predicted, but this pathway could be the target of treatments to facilitate its activation (e.g., repetitive TMS).
The LI used in this study provides information regarding the relative contributions of CL and IL drive to a given muscle (Schwerin et al., 2008) . The data revealed here indicates that the LIs for the left and right muscles for each side did not differ. However, examination of individual LIs revealed that there was no consistent pattern of dominance for a given muscle within a subject. For example subject 2 had a LI of 0.69 to left LD, indicating a strong CL drive and a LI of -0.42 to right LD, indicating a strong IL drive. Overall this indicates that for this subject the right hemisphere was dominant for LD. A caveat to these calculations is the technical limitation related to the stimulus intensities required to evoke ipsilateral MEPs in four subjects, where the sizes of the IL responses might be underestimated and the LI therefore overestimated (i.e., resulting in a LI closer to 1). However, the current study had equal numbers of subjects requiring a stimulus intensity in excess of the maximum stimulator output to evoke IL responses in LD and EO; any overestimation of LI is therefore consistent across both muscles and consequently does not alter the conclusions drawn from the results.
In conclusion this study extends earlier studies (Fujiwara et al., 2001; Mackinnon et al., 2004; Plassman & Gandevia, 1989) by further examining the cortical drive to EO and LD. Despite the small sample size used in the current study, it is still possible that grouped data from larger numbers of subjects may still conceal intersubject differences in indices of symmetry and drive to a given muscle (see Figure 4) . It is therefore clear that calculation of the indices of cortical drive to one muscle in one subject may not permit assumptions to be made about the drive to any other muscle in that same subject. Furthermore, the dominance of drive to one muscle may differ randomly between subjects.
